1 Key Message 2 This study identified and validated a novel and large-effect QTL conferring Fusarium 3 crown rot resistance on the long arm of chromosome 6HL in barley.
Fusarium crown rot (FCR) is a chronic disease caused by various Fusarium species 23 in cereal crops. It is prevalent in arid and semi-arid cropping regions worldwide 24 (Akinsanmi et al. 2004; Chakraborty et al. 2006) . The disease has been known for 25 causing significant yield loss in Australia (Murray and Brennan 2010; Murray and 26 Brennan 2009) and the USA (Smiley et al. 2005b ). FCR has also become a major Gene pyramiding has shown to be effective in further improving FCR resistance in 25 both barley (Chen et al. 2015) and wheat (Zheng et al. 2017) . Understandably, the 26 quality and quantity of available loci are critical in determining the effectiveness of 27 gene pyramiding or breeding programs. With the aim of identifying additional loci with 28 high levels of resistance to FCR, we conducted a QTL mapping study against a 29 landrace originating from South Korea. It was identified as one of the most resistant 30 genotypes from a systematic screening of more than 1,000 genotypes representing 31 diverse geographical origins and different plant types (Liu et al. 2012b Results from previous studies show that FCR resistance is not pathogen species-19 specific and the same resistance locus can be detected by pathogen isolates 20 belonging to different Fusarium species (Chen et al. 2013b; Ma et al. 2010 ). We 21 therefore used a single F. pseudograminearum isolate in this study. The isolate 22 (CS3096) was obtained from a wheat field in northern New South Wales, Australia 23 and maintained in the CSIRO collection (Akinsanmi et al. 2004) . Inoculum preparation, 24 inoculations, and FCR assessments were as described by Li et al. (2008) . Briefly, 25 inoculum was prepared using plates of ½ strength potato dextrose agar. Inoculated 26 plates were kept for 12 days at room temperature before the mycelium in the plates 27 were scraped and discarded. The plates were then incubated for a further 7-12 days 28 under a combination of cool white and black fluorescent lights with 12-h photoperiod.
29
The spores were then harvested and the concentration of spore suspension was 30 adjusted to 1×10 6 spores/ml. The spore suspensions were stored in minus 20 freezer 1 and Tween 20 was added (0.1%v/v) to the spore suspension prior to use.
3
Seeds were germinated in Petri dishes on three layers of filter paper saturated with 4 water. Seedlings of 3-day-old were immersed in the spore suspension for 1 min and 5 two seedlings were planted into a 3 cm square punnet (Rite Grow Kwik Pots, Garden 6 City Plastics, Australia) containing sterilized University of California mix C (50% sand 7 and 50 % peat v/v). The punnets were arranged in a randomized block design and 8 placed in a controlled environment facility (CEF). Settings for the CEF were: 25/18 9 (±1) °C day/night temperature and 65/80% (±5)% day/night relative humidity, and a 10 14-h photoperiod with 500 µmol m -2 S -1 photon flux density at the level of the plant 11 canopy. To promote FCR development, water-stress was applied during plant growth.
12
Inoculated seedlings were watered only when wilt symptoms appeared.
14
For the initial QTL mapping, four replicated trials were carried out against the mapping 15 population (designated as FCR01 to FCR04, respectively). Three replicated trials were 16 conducted on the validation population (designated as FCRV01, FCRV02, FCRV03, 17 respectively). Fourteen seedlings were used for each of the replicates. FCR severity was assessed 4 weeks after inoculation, using a 0 (no visible symptom) 20 to 5 (whole plant severely to completely necrotic) scale as described by Li et al. (2008) . replicate, 20 seeds for each of the RILF8 lines were sown in a single 1.5 metre row 9 with a 25 cm row-spacing. PH was measured as the height from the soil surface to the 10 tip of the spike (awns excluded). Six measurements were taken from the six tallest 11 tillers in each row and the average of each line were used for statistical analyses. cycles of 30 sec at 94 °C, 30 sec at 60 °C (annealing temperature for 6H-2) and 1 min 30 at 72 °C, with a final extension step of 5 min at 72 °C. The amplified products were 1 mixed with an equal volume of loading dye, denatured at 95 °C for 5 min, and 4 μl 2 samples was run on a denaturing 5% polyacrylamide (20:1) gel at 110 W for 2 h. The 3 gels were subsequently dried using a gel dryer for 30 min at 80 °C and exposed to 4 Kodak X-Omat X-ray films for 2 days. Where: Yij =trait value on the jth genotype in the ith replication; μ =general mean; ri = 10 effect due to ith replication; gj = effect due to the jth genotype; wij =error or genotype 11 by replication interaction, where genotypes was treated as a fixed effect and that of 12 replicate as random. The effects of replicate and genotype for both FCR resistance 13 and PH were determined using ANOVA. Pearson correlation coefficient was estimated 14 between the traits and trials. Characterization of FCR resistance in the mapping population of Fleet/AWCS799 2 FCR severity of the resistant genotype AWCS799 was significantly lower than the two 3 susceptible commercial cultivars (Fig. 1 ). In the four trials conducted against the 4 mapping population and its two parents, the DI value of AWCS799 was 32.6% lower 5 than that of Fleet on average and transgressive segregation was detected in each of 6 the trials (Table 1) . DI values for all four trials and BLUP presented significantly 7 positive correlation between each other ( Table 2 ). The frequency distribution of DI 8 value for FCR01 skewed towards better resistance. DI values for the other three trials 9 and BLUP showed more normal distributions (Fig. S1 ). The markers were grouped into seven linkage groups and they spanned a total of 20 1964.7 cM with an average distance of 2.3 cM between loci (Table S1, Fig. S2 ). As all 21 of the markers generated had known physical positions, we aligned the linkage maps 22 with the latest genome assembly of barley reference genotype Morex. This analysis 23 found that, as expected, the genetic and physical maps were highly consistent for 24 majority of the markers. However, there are a few exceptions and, interestingly, they 25 were all located in the peri-centromeric regions (Fig. S3 ).
27
Detection and validation of QTL for FCR resistance 28 Four putative QTL were detected from the mapping population. They were located on 29 chromosomes 2H, 4H, 5H and 6H (Fig. 2) , respectively. Only the one located on 6H 30 was detected in each of the four trials conducted. The resistant allele of this QTL 1 originated from AWCS799. We designated this QTL as Qcrs.caf-6H, where 'Crs' 2 stands for 'crown rot severity' and 'caf' represents 'CSIRO Agriculture and Food'. Qcrs.caf-6H was identified in all four trials and BLUP using both IM and ICIM analysis 4 and it could explain up to 29.1% of the phenotypic variance ( Fig. 3 ; Table 3 ). Based showed that both PH (Fig. 4) and HD (Fig. 5 ) have little effect on Qcrs.caf-6H. removing the effects of these characteristics from the mapping population has little 6 influence on the magnitudes of the FCR locus detected in any of the trials. It is not 7 clear why this new FCR QTL seems to be different from several of those reported 8 earlier. Nevertheless, the lack of interaction with these characteristics makes the new 9 locus easier to manipulate in breeding programs. shared markers could be due to inaccurate locations of either or both of the loci in 20 concern. 21 22
As expected, orders for the majority of the markers in the linkage map constructed in 23 this study aligned well with the relative positons of the sequences from which they 24 were generated in the barley genome. It is of interest to note that, without any 25 exception, all the discrepancies involved markers and sequences located in the peri-26 centromeric region (Fig. S3 ). It is known that the peri-centromeric regions of the barley Contributions, if any, from these characteristics to the discrepancies are not clear.
30
However, it is not unreasonable to speculate that low recombination frequencies are 31 likely to be less tolerable to incorrect marker scores. 
